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We have used s- and p-polarized synchrotron radiation to image the electronic structure of epitaxial graphene
near the K-point by angular resolved photoemission spectroscopy (ARPES). Part of the experimental Fermi
surface is suppressed due to the interference of photoelectrons emitted from the two equivalent carbon atoms
per unit cell of graphene’s honeycomb lattice. Here we show that by rotating the polarization vector, we are
able to illuminate this ‘dark corridor’ indicating that the present theoretical understanding is oversimplified.
Our measurements are supported by first-principles photoemission calculations, which reveal that the observed
effect persists in the low photon energy regime.
Graphene, a single layer of sp2-bonded carbon atoms, is
one of the paradigm two-dimensional (2D) electron systems
existing today. It is renowned for its high crystalline quality,
its extremely high carrier mobility [1–3] as well as its pecu-
liar charge carriers that behave like massless Dirac particles
[2, 4–8] due to its honeycomb lattice consisting of two equiv-
alent triangular sublattices A and B (see Fig. 1a). This leads to
the description of graphene’s charge carriers in terms of spinor
FIG. 1: (Color online) honeycomb lattice with two equivalent carbon
atoms per unit cell (a) together with the two-dimensional Brillouin
zone (b). Panel (c) shows a sketch of the experimental setup. ky
corresponds to a rotation of the sample around φ. kx is the direction
perpendicular to the paper plane, it corresponds to the dispersion di-
rection in the 2D detector. For s(p)-polarized light the electric field
vector lies perpendicular to the plane of incidence (in the plane of
incidence) spanned by the sample normal and the direction of inci-
dence of the light.
wavefunctions in analogy to the Dirac equation for massless
particles, where the ‘spin’ index indicates the sublattice rather
than the real electron spin, hence the term ‘pseudospin’ [6].
This pseudospin is responsible for graphene’s many intriguing
electronic properties. First of all, the difference in pseudospin
of the two cosine-shaped bands originating from the two sub-
lattices allows them to cross at the K-point of the 2D Brillouin
zone (see Fig. 1b) where they form the conical band structure
[9, 10]. Second, due to the pseudospin the charge carriers ac-
cumulate a Berry phase of pi on closed loop paths resulting
in the absence of backscattering. This has been observed in
both magnetotransport [11–14] as well as scanning tunneling
spectroscopy experiments [15]. Furthermore, the pseudospin
is responsible for the peculiar half-integer quantum Hall effect
observed in graphene [4, 5, 16]. In addition, the conservation
of the pseudospin upon passing a potential barrier is expected
to result in perfect transparency of the barrier for graphene’s
charge carriers (Klein tunneling) [17]. The pseudospin con-
cept has spawned ideas for different ‘pseudospintronic’ device
proposals, like e.g. the pseudospin valve [18].
The effect of the pseudospin is also observed in angle-
resolved photoemission spectroscopy (ARPES) experiments.
Here, it is rather unwanted because it suppresses the photoe-
mission intensity on part of the Fermi surface (‘dark corridor’
[19–21]). The effect was verified many times in ARPES ex-
periments using p-polarized light [7, 22–25] and the presence
of this dark corridor was never questioned. Unfortunately, the
dark corridor effectively prevents the experimental verifica-
tion of the spin rotation upon quasiparticle to photoelectron
conversion in graphene, because of the lack of photoemission
intensity in the region of interest [19].
Here we show that by using s-polarized light it is possi-
ble to illuminate this dark corridor and thereby access the
complete Fermi surface of graphene in an ARPES experi-
ment. While the dark corridor has been addressed theoreti-
cally before [20, 21] the polarization dependence of the in-
tensity modulation on the Fermi surface cannot be accounted
for by the single free-electron final state used in this model.
We show that this problem is overcome in our first principles
2photoemission calculations where we use time-reversed spin-
polarized low energy electron diffraction (SPLEED) states as
final states.
A sketch of the experimental setup is displayed in Fig. 1c.
The measurements were done at the Synchrotron Radiation
Center (SRC) in Stoughton, WI at the variable polarization
VLS-PGM beamline. This beamline is equipped with an el-
liptically polarized Apple II undulator that delivers p- and
s-polarization of photons in an energy range from 15 eV to
250 eV. For s(p)-polarized light the electric field vector lies
perpendicular to the plane of incidence (in the plane of in-
cidence) spanned by the sample normal and the direction of
incidence of the light. For the ARPES experiments a Scienta
analyzer with an energy resolution of better than 10 meV was
used. In order to measure the photoemission current as a func-
tion of ky the sample was rotated by an angle φ (see Fig. 1c)
which was varied around φ0 = 36.7◦ for hν = 35 eV and
around φ0 = 28.7◦ for hν = 52 eV. kx (direction perpendicu-
lar to the paper plane in Fig. 1c) corresponds to the dispersion
direction in the 2D detector. During measurements the sample
was kept at a temperature of 50K. We have grown graphene
by thermal decomposition of SiC(0001) in ultra high vacuum
[26, 27]. Details of the sample preparation are reported in
References [24] and [28].
First-principles electronic-structure calculations have been
performed for a free-standing graphene layer, within the
framework of relativistic multiple-scattering theory (layer
Korringa-Kohn-Rostoker method [29, 30]) using the Perdew-
Wang exchange-correlation potential [31]. The self-consistent
potentials serve as input for the photoemission calculations,
which rely on the relativistic one-step model [29, 32]. Thus,
all essential ingredients of the excitation process are captured,
in particular transition matrix elements and boundary condi-
tions. Many-body effects are incorporated via the complex
self-energy Σ. The imaginary part of Σ is taken as 1.5 eV for
the final state (time-reversed SPLEED state) and as 0.01 eV
for the initial state (graphene orbitals); its real part is assumed
zero. Including a non-zero real part of the self-energy would
shift the final states to higher energies. Furthermore, the fi-
nal state in experiment is scattered by the SiC substrate, so
that deviations between the theoretical and the experimental
final state are possible. These deviations may include slight
changes in the final state composition as well as the band
dispersion. Nevertheless, trends in experiment are fully ac-
counted for, in particular the photon energy dependence of the
intensities. For a direct comparison between experiment and
theory the theoretical photon energies hνth have been shifted
by 8.6 eV towards higher photon energies.
Figure 2 shows the measured band structure for an epitaxial
graphene monolayer on SiC(0001) along the ΓKM-direction.
As epitaxial graphene on SiC(0001) is slightly n-doped due
to charge transfer from the substrate, the crossing point of the
two linearly dispersing pi-bands is located at about−420meV
below the Fermi level [7, 22–25]. The data in Fig. 2 was
recorded at a photon energy of hν = 35 eV and hν = 52 eV
with p- and s-polarized light. The grey scale is linear with
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FIG. 2: Band structure measured along ΓK for an epitaxial graphene
monolayer on SiC(0001) for two different photon energies (a,b:
35 eV; c,d: 52 eV) for both p- (a,c) and s-polarized (b,d) light. The
grey scale is linear with black (white) corresponding to high (low)
photoemission intensities.
black (white) corresponding to high (low) photoemission in-
tensities. For p-polarized photons (Fig. 2a, c) the intensity for
one of the two branches is completely suppressed due to in-
terference effects in the photoemission process [20, 21], only
the branch dispersing upwards (towards the Fermi level) along
ΓKM is visible in agreement with previous photoemission re-
sults [7, 22–25]. For hν = 35 eV and s-polarized light (Fig.
2b) the photoemission intensity shifts to the second branch
dispersing downwards (away from from the Fermi level) along
ΓKM that was invisible when using p-polarized light. When
using s-polarized light at hν = 52 eV (Fig. 2d) both pi-bands
are visible. In this case the overall intensity is reduced by
about one order of magnitude as compared to the other mea-
surements.
Figure 3 shows the corresponding Fermi surfaces around K
for hν = 35 eV and hν = 52 eV with both p-polarized and
s-polarized light. For p-polarized radiation (Fig.3a,c) there is
no photoemission intensity at spot 1. This situation changes
drastically when using s-polarized photons with hν = 35 eV
in Fig. 3b. In this case, there is no photoemission intensity
at the opposite side of the Fermi surface at spot 2. Changing
the photon energy to hν = 52 eV leads to a homogeneous
illumination of the complete Fermi surface with s-polarized
light (Fig. 3d). As in Fig. 2d, the photocurrent is one order
of magnitude lower than for p-polarized radiation. As can be
seen, the dark corridor at spot 1 as introduced by Refs. [19–
21] can be illuminated using s-polarized light.
The origin of the dark corridor has been explained by cal-
3-0.1 0.0 0.1
Wave Vector kx (Å-1)
(d) hν = 52eV s-pol. x10
1.8
1.7
1.6W
av
e 
Ve
ct
or
 k
y 
(Å
-
1 )
-0.1 0.0 0.1
Wave Vector kx (Å-1)
(c) hν = 52eV p-pol.
(b) hν = 35eV s-pol.
1.8
1.7
1.6W
av
e 
Ve
ct
or
 k
y 
(Å
-
1 )
(a) hν = 35eV p-pol.
K
Γ
spot 2
spot 1
FIG. 3: Fermi surface of epitaxial graphene on SiC(0001) measured
with p-polarized light (a,c) and s-polarized light (b,d) for two differ-
ent photon energies (a,b: 35 eV; c,d: 52 eV). The grey scale is linear
with black (white) corresponding to high (low) photoemission inten-
sities.
culating the photoemission matrix element in dipole approxi-
mation using atomic orbitals for the initial state and a single
plane wave for the final state [20]. It has been shown that
the photoemission intensity around K can be separated into
a polarization factor and an interference term related to the
crystal structure. The interference term is responsible for the
suppression of the photocurrent at spot 1 at the Fermi energy.
The polarization factor (kλˆ) implies that the photoemission
intensity vanishes completely for k ⊥ λˆ, i. e. for s-polarized
radiation.
However, our results show that this simple picture does not
hold. For better agreement with the experimental findings
we have used time-reversed SPLEED states as final states.
Figure 4 shows the calculated Fermi surface for p-polarized
and s-polarized light with hν = 35 eV and hν = 52 eV.
The calculation is in good agreement with the experimen-
tal results in Fig. 3. The dark corridor lies at spot 1 (spot
2) for p-polarized (s-polarized hν = 35 eV) light. For s-
polarized light at hν = 52 eV the Fermi surface is com-
pletely illuminated. To complete the picture, Fig. 4e shows
the intensity asymmetry between spot 1 and spot 2 defined as
A = (Ispot1−Ispot2)/(Ispot1+Ispot2) as a function of photon
energy. For A = ±1, the dark corridor lies at spot 1 or spot 2,
respectively. For A = 0, spot 1 and spot 2 are equally illumi-
nated, which is the case for hν = 52 eV and s-polarized light.
The effect that spot 1 can be illuminated using s-polarized
light persists for photon energies between hν = 24 eV and
hν = 52 eV. The disappearance of the effect for hν > 52 eV
is attributed to a change in the final states. Decomposing the
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FIG. 4: (Color online) Photoemission calculations of the Fermi sur-
faces for p-polarized (a,c) and s-polarized (b,d) radiation for hν =
35 eV (a,b) and hν = 52 eV (c,d). Panel (e) shows the intensity
asymmetry of spot 1 and spot 2 as a function of photon energy
(blue/continuous: p-pol. light; red/dashed: s-pol. light). Panel (f)
shows the intensity ratio of spot 1 compared to spot 2 for p-polarized
light as a function of photon energy. The theoretical photon energies
have been shifted by 8.6 eV to allow for a direct comparison with
experiment.
time-reversed SPLEED final states into angular-momentum
partial waves, we find that for hν < 52 eV s-like partial waves
dominate the photoemission process while for hν > 52 eV the
contributions from d-like partial waves dominate.
In order to compare our calculations with the results from
Ref. [20], we project the time-reversed SPLEED final states
onto free-electron final states. This decomposition shows that
the photoemission process is dominated by up to twelve dif-
ferent plane waves in contrast to the single plane wave used in
[20]. The weight of the different plane waves depends on the
photon energy. As for the partial wave decomposition there is
a transition between different plane wave contributions around
hν = 52 eV. Our plane wave decomposition reveals that the
plane wave eikx used in Ref. [20] contributes at all photon en-
ergies. This explains the success of the model for p-polarized
light. However, in order to explain the experimental results for
s-polarized light within a tight-binding calculation, it is nec-
essary to employ more than just one plane wave final state.
Detailed calculations are given as EPAPS.
4Fig. 4f shows the relative intensity of spot 1 compared to
spot 2 as a function of photon energy. The photoemission in-
tensity at spot 1 does not go to zero but remains at a few per-
cent for p-polarized light, even though perfect AB sublattice
symmetry is assumed. This is in contrast to the tight-binding
calculation in Ref. [20], where perfect AB sublattice symme-
try leads to zero intensity in the dark corridor. This discrep-
ancy can be understood by including the spin-orbit interaction
(SOI) in the tight-binding model (see EPAPS). As a result,
the wave function coefficients cA and cB of the pz-orbitals
centered at the A and B sublattice, respectively, are not equal
in magnitude anymore, which leads to a nonzero photocur-
rent inside the dark corridor. As a consequence, the degree
of AB sublattice symmetry breaking cannot be deduced from
the intensity inside the dark corridor as was suggested in Refs.
[22, 25], unless the influence of the SOI is precisely known.
Nevertheless, as the SOI in graphene is small, the same is to
be expected for the corresponding photoemission intensity.
Furthermore, Ref. [19] predicts a giant spin rotation dur-
ing quasiparticle to photoelectron conversion in graphene due
to spin-pseudospin interference in the photoemission process.
Inside the dark corridor (at spot 1) the spin orientation of the
photoelectron differs from the spin of the quasiparticle in the
initial state by 180◦. However, up to now this effect was be-
lieved not to be accessible in a spin-resolved ARPES mea-
surement because of the lack of photoemission intensity in-
side the region of interest. Using s-polarized radiation in a
spin-resolved ARPES experiment should allow for the exper-
imental verification of the predicted spin rotation.
In conclusion, we could show that it is possible to illu-
minate the dark corridor on the measured Fermi surface of
graphene using s-polarized synchrotron radiation. This effect
is not included in the theoretical model from Ref. [20] that is
based on a single free electron final states. Our first principles
photoemission calculations use time-reversed SPLEED states
as final states and result in good agreement with the measured
Fermi surfaces. In addition, the calculations reveal that the
observed effect persists in the low photon energy regime up to
about hν = 52 eV. Furthermore, our findings open up a new
pathway to access the giant spin rotation predicted in Ref. [19]
experimentally in a spin-resolved ARPES measurement.
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